GaP has been shown to have good photo-catalytic activity in pyridinium catalyzed CO 2 reduction. The photo-excited electrons in the conduction band of GaP should have a sufficient reduction potential to drive the reduction of pyridinium and CO 2 . In this work, we have studied water adsorption on the GaP surface using density functional theory calculations, and its effect on the band alignment. Our calculations have shown that there are surface states present near the band edges due to unsaturated dangling bonds, and water adsorption can remove these states partially or almost completely depending on the adsorption states of water. More importantly, we have found that water adsorption has considerable effects on the band alignment, shifting up the band positions by up to 0.5 eV compared to the bare surface. The computed level of the conduction band with the adsorption of water is rather close to the reduction level of pyridinium ions, thus suggesting that photo-excited electrons are thermodynamically possible to reduce pyridinium to pyridinyl radicals that further help CO 2 reduction.
Introduction
Environmental pollution and energy crisis are two major global problems we are facing today. Carbon based fossil fuels are the main source of energy for human kind. They are limited and the sustainable use of carbon resources is a critical issue that we need to address. On the other hand, their consumption results in increasing level of CO 2 in atmosphere, which is believed to be responsible for global warming [1] . Conversion of CO 2 to products with added values is an appealing means to address environment and energy challenges simultaneously. The conversion is usually thermodynamically unfavorable, and CO 2 reduction needs to be driven by supplying extra energy in the form of electricity [2] [3] [4] or light [5] [6] [7] .
Most of studied systems reduce CO 2 to CO and/or hydrocarbons, while fewer studies have been targeted at the high value product CH 3 OH that is more desirable due to an obvious economic reason. It has been reported that hydrogenated Pd [8] , Pt [9] , p-GaP [10] , Pt/C-TiO 2 [11] and so on can reduce CO 2 to methanol at low overpotentials. Bocarsly and co-workers have found that the electrochemical reduction of CO 2 to methanol occurs at a low overpotential in the presence of pyridinium (PyH + ) [8] . Interestingly, the photoelectrochemical cell with p-GaP as a photoelectrode can yield CH 3 OH with 100% faradaic efficiency at an underpotential of 300 mV [10] . It is considered the first system capable of reducing CO 2 to methanol using only the energy of light. This is particularly attractive, as photoelectrochemical reduction of CO 2 to liquid fuels by solar energy could potentially complete the environmentally friendly carbon-neutral cycle for the world energy consumption.
Understanding Py-catalyzed CO 2 reduction in p-GaP photocatalytic system is of great importance. Elucidating the catalytic role of Py and p-GaP may help develop more effective catalysts. The underlying mechanism has been investigated experimentally and theoretically. Bocarsly and co-workers first reported the detailed mechanism [9] , and suggested that Pyridinyl radical plays an important role in CO 2 reduction to methanol. However, theoretical calculations [12, 13] indicated that pyridinium reduction having a rather negative redox potential is thermodynamically unfavorable and thus other possible mechanisms were proposed [14] [15] [16] [17] [18] [19] [20] [21] [22] . It is worth mentioning that Musgrave and co-workers argued that photo-excited electrons might have sufficient energy to reduce PyH + when using p-GaP photoelectrodes [15] .
What makes a semi-conductor a potential candidate for pyridinium reduction is its conduction band minimum (CBM) being higher than the reduction level of pyridinium. Carter and coworkers [23, 24] calculated the electronic energy levels and found that the computed CBM of GaP(110) surface lies too low to transfer photoexcited electrons to pyridinium. However, their calculation model is a bare GaP surface without accounting for water hydration effects, and the obtained CBM is about 0.5 eV below the experimental value [25] . It has been shown that hydration can have significant impact on the level alignment across semiconductor water interface [26, 27] ; in particular, the band positions of rutile TiO 2 (110) can be shifted up by ∼1.5 eV when interacting with water. In this work, we attempt to investigate the contribution of surface water to band alignment of GaP(110).
The paper is organized as follows. Computational details are summarized in Section 2 . Results on state of adsorbed water, band alignment of GaP(110) surface are shown in Section 3 , followed by discussion on comparison between band positions and the redox level of pyridinium. We finish this paper with some conclusions in the end.
Computational details
The GaP(110) surface was modeled by periodic slabs with lateral dimensions of a 2 × 3 surface cell. The slabs were separated by a space of 15 Å leading to an orthorhombic super-cell of 10.9 × 11.5 × 22.7 Å 3 . Full 3D periodic boundary conditions (PBC) were applied. Adsorbates were modeled symmetrically above and below GaP(110) slabs so that no dipole corrections due to periodic images in the z -direction were needed. All the atoms in the cell were relaxed during geometry optimization.
All density functional theory (DFT) calculations were carried out using the freely available program package CP2K/Quickstep [28] . The DFT implementation in Quickstep is based on a hybrid Gaussian plane wave (GPW) scheme. Orbitals are described by an atomcentered Gaussian-type basis set, while an auxiliary plane wave basis is used to re-expand the electron density [29] . The wave function optimization is performed using an efficient orbital transformation minimizer, which avoids the traditional matrix diagonalization method and gives optimal convergence control [30] . Analytic Goedecker-Teter-Hutter (GTH) pseudopotentials [31, 32] were employed to represent the core electrons. The basis sets for the valence electrons (2 s 2 2 p 4 for O, 1 s 1 for H, 3 d 10 4 s 2 4 p 1 for Ga and 3 s 2 3 p 3 for P) consist of short-ranged (less diffuse) double-ζ basis functions with one set of polarization functions (DZVP) [33] . The gradient-corrected Perdew-Burke-Ernzerhof (GGA-PBE) functional [34] was used for all calculations with the Grimme's dispersion correction [35] . The plane wave basis for the electron density expansion is cut off at 400 Ry. All the simulations only used the point of the supercell for expansion of the orbitals considering the large size of the cell. The convergence criterion for wave function optimization was set by a maximum electronic gradient of 3 × 10 −7 a.u. and an energy difference tolerance between selfconsistent field (SCF) cycles of 10 −13 a.u.
Results and discussion
In this study, we aim to determine the positions of conduction band minimum (CBM) and valence band maximum (VBM) of the GaP(110) surface, which is of importance to the photocatalytic activity of GaP in CO 2 reduction in the presence of pyridinium. It has been shown that adsorption of one monolayer (ML) of water on rutile TiO 2 (110) can lift up the band positions by ∼1.5 eV [26] . Therefore, we have investigated water adsorption on the GaP surface, and its effect on band alignment.
States of adsorbed water on the GaP(110) surface
As shown in Fig. 1 , we have calculated three representative adsorption states of 1 ML of water on the GaP surface, namely, the molecular adsorption, the fully dissociative adsorption and the mixed adsorption state with half water molecularly adsorbed and half water dissociatively adsorbed, respectively. Different kinds of adsorption states may lead to different band edge positions and band gaps of the GaP(110) −1 ML surface. Thus, we set off to find out the most stable adsorption states of monolayer (ML) of H 2 O on GaP(110) surface first. We have also calculated the adsorption energies with different layers of the GaP slab to investigate the convergence of water adsorption against the slab thickness. The water adsorption energies in Fig. 2 were calculated using the following equation,
where E ad , E slab + water , E slab and E water denote water adsorption energies, the total energies of slab + water systems, the total energy of the bare slab, the total energy of a water molecule in the gas phase, and n is the number of water molecules adsorbed on the surface. From Fig. 2 , we can see the adsorption energies of all three water states remain almost constant when increasing the number of layers of the GaP slab. The difference between adsorption energies of dissociated water and molecular water on the GaP surface is small. A mixed state with half associative and half dissociative a The band gaps are in eV, and the band positions are in V versus SHE. The calculated band gap of bulk GaP is 1.64 eV. All the energies are calculated using the PBE functional. The experimental CBM and VBM are −1.26 V and 0.98 V versus SHE, respectively, with a band gap of 2.2 eV [25] . adsorption appears to be slightly more stable than the fully dissociative and molecular adsorption states based on our total energy calculations.
The effects of water adsorption on electronic structures of GaP surfaces
Variation of the band edge positions of the bare GaP(110) surface and the surface with the adsorption of 1 ML H 2 O with the different slab thickness has been investigated, and the results are presented in Fig. 3 and Table 1 . The absolute positions are obtained by referencing the highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO) to the vacuum level, and they can be converted into the standard hydrogen electrode (SHE) by subtracting the absolute SHE potential of 4.44 V [36] [37] [38] .
We first analyze the band alignment of GaP(110) clean surface using the PBE functional. As shown in Fig. 3 (a) and Table 1 , the VBM and CBM positions remained rather constant against the slab thicknesses, and a 5-layer slab appears sufficient to converge the band positions, i.e. 0.74 V and −0.75 V versus SHE for VBM and CBM, respectively, with a gap of 1.49 eV. Compared to the bulk band gap of 1.64 eV computed with the same PBE functional, it decreases by 0.15 eV, presumably due to the formation of surface states near the band edges. An apparent fast convergence of band positions has also been found on the GaP surface with 1 ML associative adsorption of molecular water. The VBM and CBM are 0.5 V and −1.1 V versus SHE, giving rise to a gap of 1.6 eV that is quite close to the bulk band gap. Note that there are 0.2 V and 0.4 V upshifts in VBM and CBM, respectively, in the present of water adsorption. Also, the water adsorption states have some effects on the band edges and their convergences against the slab thickness. For example, for the mixed adsorption state, a 7-layer slab gives the converged results. While in the case of dissociative adsorption, the convergence is slower. A 9-layer slab gives a band gap of 1.73 eV, still 0.1 eV larger than bulk value. In fact, with dissociatively adsorbed water the band gaps of the slabs from 5 layers to 11 layers are all larger than the band gap in bulk, slowly converging to the bulk value. This cannot be explained by the presence of surface states as they usually lead to smaller band gaps (see the results of the bare surface).
To understand these results, we have calculated the density of states (DOS) of the surfaces. In Fig. 4 , we show the projected DOS plots of the bulk, the 5-layer bare surface and those with three water adsorption states. Comparing the DOS plots of the bulk GaP and the bare surface (see Fig. 4 (a), and (b)), it is clear that there are considerable amount of electronic states mainly consisting of the orbitals of the surface Ga and P atoms near the CBM. They can be attributed to the dangling covalent bonds of the unsaturated Ga and P atoms on the surface. The adsorption of water significantly annihilates the surface states, as evidenced in Fig. 4 
(c), (d) and (e).
This must result from the fact bonding with water can reduce the degree of unsaturation of the surface atoms. Furthermore, the extent of reduction is related to the water adsorption states; dissociative adsorption reduces the most, while associative adsorption reduces the least, with the mixed state in between. This is expected because molecular water only binds on the Ga atoms, leaving the surface P atoms remaining unsaturated, and H atoms can bind with the P atoms when water dissociates. Therefore, the water adsorption widens up the band gaps of the 5-layer GaP slabs, the extent of which follows the order: dissociative > mixed > associative.
However, the mixed adsorption state gives a band gap of 1.74 eV, slightly larger than the bulk value (1.64 eV), and the fully dissociative adsorption even increases the band gap to 1.97 eV. Thus, the widening of the surface band gaps for the 5-layer slab cannot be simply attributed to the disappearance of the dangling bond states. We then compare the DOS of 5-layer and 11-layer GaP surfaces with dissociative adsorption of water together with the bulk GaP, as shown in Fig. 5 . It is evident that there are some electronic states missing at the edge of conduction band on the 5-layer slab, and they show up on the 11-layer slab. This can be regarded as a finite size effect owing to too small slab thickness that leads to insufficient representation of the band states normal to the surface. To further show this, we plot the DOS of 5-, 7-, 9-and 11-layer slabs in Fig. 6 . We can see that the number of states near the CBM increases gradually from 5-layer to 11-layer, resulting in a noticeable downshift of CBM of 0.15 eV. A similar effect is also seen for the VBM, while the magnitude is somewhat smaller. On the other hand, the projection of the DOS on the surface atoms hardly contributes to the states at the band edges according to Fig. 6 , further demonstrating that it is indeed a finite size effect. This however is in contrast to the case of associative adsorption in which the presence of surface states near band edges clearly affects the band positions and band gap (see Fig. 4 (c) ).
The computed CBM and VBM positions of the bare GaP surface and the surfaces with the adsorption of 1 ML H 2 O are shown in Fig. 7 . These are converged values against the number of layers of the GaP slab, which are 5, 5, 7, 9 layers corresponding to the slabs without water adsorption, with associative, mixed, dissociative adsorption of water, respectively. Note that faster convergence 4 . Density of states (DOS) plots of (a) the bulk GaP, (b) the clean surface of 5-layer GaP(110) in vacuum, and the 1 ML H 2 O adsorbed 5-layer GaP(110) surfaces ((c) associative, (d) mixed, and (e) dissociative). The DOS have been projected in separate to the surface/bulk Ga and P atoms (see the legend for the color code). They are calculated using the PBE functional, and energy zero is set to the highest occupied molecular orbital (HOMO).
against slab thickness for the former three cases is owing to the pinning of surface states, while in the fourth case (dissociative) where the surface states are largely eliminated, thicker slabs are 5 . Density of states (DOS) plots of (a) the bulk GaP, and the GaP(110) surfaces with dissociative adsorption of 1 ML ((b) 5-layer slab and (c) 11-layer slab). The DOS have been projected in separate to the surface/bulk Ga and P atoms (see the legend for the color code). They are calculated using the PBE functional, and energy zero is set to the highest occupied molecular orbital (HOMO).
needed to converge the band positions and gap. More importantly, we can conclude from Fig. 7 that water adsorption and the adsorption states clearly have considerable effect on the band positions, although the effect, on the order of 0.2-0.5 eV, is modest compared to TiO 2 in which shift of ∼1.5 eV in band positions has been shown upon water adsorption [26] .
Finally, we comment on the accuracy of the PBE functional on the band positions. As expected from the well-known delocalization error in this functional, the bulk band gap (1.64 eV) is underestimated, by ∼0.6 eV, compared to the experimental value of 2.2 eV. Having little information on surface condition in experiment, it is not possible to make direct comparison between band positions. It is however worth noting from Table 1 that the computed CBM with water adsorption is quite close to experimental value ( ∼−1.2 V versus SHE), leaving the majority error present in the VBM. Similar has been observed in TiO 2 [26] and GaN [27] . Another proof to this claim is that the CBM of the bare GaP surface computed by Carter and co-workers using the G 0 W 0 theory [24] is −0.71 V versus SHE, essentially the same as the PBE value.
Photo-catalytic activity of GaP
The photocatalytic activity of GaP in CO 2 reduction in the presence of pyridinium (PyH + ) is related to its CBM relative to the pyridinium reduction level. For the photo-excited electrons to pro- The experimental GaP CBM is taken from [25] , and the computed PyH + /PyH • potential from [12, 13] .
vide sufficient thermodynamic driving force to reduce pyridinium ions, the GaP CBM needs to be located at a higher position than the reduction level of PyH + /PyH • . Carter and coworkers have calculated the CBM in comparison to the PyH + /PyH • potential and concluded that the CBM lies too low to reduce the PyH + ions [24] . However, the bare GaP surface was used without taking into account the effect of water adsorption. Also, the computed CBM is about 0.5 eV lower than the experimental estimate ( −0.71 V versus −1.26 V with respect to SHE) [24, 25] . As discussed above, surface hydration has a considerable effect on the band alignment, and adsorption of 1 ML water can push up the GaP CBM by up to 0.5 eV, bringing the value close to experiment. The computed PyH + /PyH • potential is −1.3 V versus SHE, and together with the computed GaP CBM positions with various surface conditions are compared in Fig. 8 . It is clear that the surface with mixed adsorption state, most consistent with experiment, gives a CBM just less than 0.1 eV below the computed PyH + /PyH • potential level. The close proximity cannot rule out the possibility that the conduction band electrons of GaP are capable of reducing PyH + to PyH • which further help facilitate CO 2 reduction.
It is evident from our calculations that hydration effect is important to the band alignment. However, we need to point out that in this work we only use a model with adsorption of 1 ML water. To realistically represent hydration effect, we will need to set up a full GaP(110)-water interface model, and use sampling techniques such as molecular dynamics to properly account for the dynamic behavior of solid-aqueous interfaces [26, [39] [40] [41] [42] . This is currently under study, and will be reported in future.
Conclusions
GaP is a good photocatalyst for CO 2 reduction with a high selectivity toward methanol. However, the role of GaP photocathodes in pyridinium-catalyzed CO 2 reduction is not clear. In this work, we have studied water adsorption on the GaP(110) surface using DFT calculations, and its effect on the band alignment that is relevant to the mechanism of pyridinium-catalyzed CO 2 reduction. The following conclusions have been reached.
(i) Computation of water adsorption energies quickly converges against the slab thickness with a 5-layer slab being already sufficient. It is found that a mixed state with half water associative and half dissociative adsorption is slightly more stable than the fully associative/dissociative adsorption. (ii) Water adsorption has rather complex impact on the electronic structures of the GaP surfaces. Surface states owing to unsaturated dangling bonds are present near the band edges on the bare surface and the surfaces with associative and mixed states of water adsorption, leading to fast convergence of band positions against slab thickness. The bare surface even has a band gap smaller than the bulk value. Full dissociation of water gives rise to OH binding to surface Ga, and H binding to surface P, largely eliminating the unsaturated dangling bonds and surface states. A thicker slab is needed to converge the band positions due to missing of band states perpendicular to the surface. (iii) Water adsorption can lift up the GaP band positions by up to 0.5 eV compared to the bare surface. The conduction band minimum computed using the PBE functional is in agreement to experimental estimate, and the error in underestimating the band gap with this functional mainly comes from the too high valence band position. Only after taking into account the effect of water, the computed conduction band minimum lies close to the reduction potential of pyridinium ions, and thus it is thermodynamically possible that the photo-exited electrons in GaP is able to reduce pyridinium to pyridinyl radical that helps facilitate CO 2 reduction.
